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Objective: To evaluate the effect of varying body weight support (BWS) with contralateral cane use on
medial knee load, measured by external knee adduction moment (KAM), in medial knee osteoarthritis
(OA) participants. Inﬂuences of cane use technique, pain and malalignment on the cane’s load-reducing
effects were investigated.
Method: Participants (n¼ 23) underwent three-dimensional gait analysis to measure KAM peaks (early
and late stance) and impulse. Unaided walking was ﬁrstly analyzed. Following cane use training,
participants placed pre-determined magnitudes of BWS through the cane (10%, 15% and 20% in random
order), with visual feedback provided via a force-instrumented cane and projection screen. Contributions
of cane use technique (peak BWS magnitude and timing, cane impulse (BWS*time) anterior and lateral
cane distance from limb) and Western Ontario McMaster Universities OA Index (WOMAC) pain and
malalignment to KAM outcomes were evaluated using linear mixed models.
Results: Cane use reduced all KAM variables, with a doseeresponse effect apparent. Cane BWS impulse
was important in reducing the early stance peak KAM (P< 0.001), peak BWS for late stance KAM
(P< 0.001) and both BWS measures for KAM impulse reductions (P< 0.001). Variables contributing to
efﬁcacy of load-reduction differed across outcomes. Generally, greater reductions were achieved with
longer lateral cane distances, peak BWS timing similar to KAM peaks, and shorter anterior cane distances.
Greater pain and varus alignment improved load-reduction for some outcomes.
Conclusion: Contralateral cane use signiﬁcantly reduced medial knee load, with a doseeresponse effect.
Medial knee OA patients should be encouraged to maintain greater BWS across stance, with cane
placement more lateral for optimum beneﬁt.
Crown Copyright  2011 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. All rights reserved.Introduction
Knee osteoarthritis (OA) is a common chronic condition
affecting older people worldwide1 that imposes a large, and
increasing, personal and societal burden2. As a cure for OA remains
elusive3 and many people demonstrate structural deterioration
over time4, therapies with potential to slow disease progression
remain a focus of research efforts. In medial knee OA, a strong link
between excessive medial joint loading and disease progressionM. Simic, Centre for Health,
herapy, Melbourne School of
010, Australia. Tel: 61-8344-
ic), ranash@unimelb.edu.au
011 Published by Elsevier Ltd onrisk has been demonstrated5. Consequently, treatments which aim
to reduce load in the medial tibiofemoral compartment may have
potential to slow the OA disease process, although no conservative
strategy to date has conﬁrmed this hypothesis. Canes (walking
sticks) have been recommended by health professionals to off-load
the painful knee in OA patients, yet there is little research evalu-
ating their effects on medial knee load6. Studies have indicated that
physicians typically recommend mobility aids (particularly canes)
for almost half of patients with knee OA7,8. Thus, research is needed
to evaluate exactly what effect cane use has on knee joint load.
Medial knee load is typically evaluated non-invasively using
three-dimensional gait analysis. The external knee adduction
moment (KAM) acts to create a tendency for the tibia to rotate in
a varus direction and is a reliable and valid indicator of medial knee
load9,10. The KAM can be quantiﬁed by evaluating the two peaks
during the stance phase. The initial, and generally largest peak,behalf of Osteoarthritis Research Society International. All rights reserved.
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stance), whereas the second peak occurs during the propulsion
phase (approximately 75% of stance)11e13. Clinical implications of
an excessive KAM are signiﬁcant given that early stance peak KAM
is a strong predictor of medial compartment OA radiographic
disease severity14, rate of disease progression5 and OA symptoms15.
Recently, the KAM angular impulse (area under the KAM-time
curve) has received increasing research focus as it reﬂects knee
load throughout the gait cycle16,17.
Partial weight-bearing through a cane, clinically recommended
to be held in the hand contralateral to the diseased joint, is believed
to lower knee load18,19 by reducing weight borne through the
affected limb20, or altering the resultant ground reaction force
orientation. Current research is limited and inconclusive regarding
the load-modifying ability of canes in knee OA, as only two studies
have been conducted6. One study observed a 10.1% reduction in
early stance peak KAM (P¼ 0.001) with cane use21, while another
demonstrated a 7.3% reduction, which was not statistically signiﬁ-
cant22. These ﬁndings suggest that canes can reduce knee load, but
further research is needed to validate these results. As most canes
are self-prescribed23, variation in technique of cane use is likely,
which may ultimately inﬂuence the cane’s load-modifying ability.
Characteristics of cane use technique with potential to inﬂuence
load-reduction include the magnitude and timing of body weight
support (BWS) placed through the cane, and the cane’s position
relative to the affected limb. Research is needed to elucidate the
relationship between cane use technique and load modiﬁcation.
For optimal cane efﬁcacy the peak BWS should presumably occur
simultaneously with KAM peaks, largest of which typically occurs
around 25% of stance12.
It is presently unknown whether individual patient character-
istics mediate load-modifying effects of canes. The KAM has
a demonstrated association with knee malalignment in OA partic-
ipants24, and it may possibly mediate effectiveness. For example,
patients with greater varus deformity may exhibit greater load-
modifying effects of the cane given their higher indices of medial
knee load (and thus greater scope for load-reduction). Similarly,
individual levels of pain could inﬂuence the load-modifying ability
of the cane. Although research is conﬂicting, some literature shows
an association between increased pain and medial knee load16.
Thus it is possible that individuals experiencing more pain may
achieve greater load-reductions using a cane.
The primary aim of this study was to evaluate the effect of
contralateral cane use on medial knee joint load, as measured by
the external KAM, in medial knee OA individuals. In particular, we
wished to determine the effect of varying magnitudes of BWS
through the cane on the KAM. The secondary aimwas to determine
whether speciﬁc cane use technique characteristics (including cane
position in the anterior and lateral directions, timing of peak BWS
through the cane), along with pain severity and mechanical knee
alignment inﬂuence the cane’s load-reducing effects.
Methods
Participants
Twenty-three medial knee OA individuals who normally ambu-
lated unaided were recruited from the community via advertise-
ments. Participants were included if they fulﬁlled the American
College of Rheumatology clinical and radiographic criteria for knee
OA28. Additional inclusion criteria were: medial tibiofemoral
osteophyte presence (graded using a radiographic atlas29) and
average knee pain on most days of the previous month 3 on an
11-point numeric rating scale (NRS). Exclusion criteria included:
greater lateral tibiofemoral compartment narrowing or osteophytegrade compared to medial29, history of knee or hip surgery,
knee arthroscopy or injection in the previous 6 months,
cardio-respiratory instability, neurological conditions affecting
ambulation, other rheumatologic conditions, signiﬁcant spinal pain
with associated lower limb symptoms, body mass index (BMI) >35
and anatomic valgus knee malalignment (185) on radiographs30.
For participants with bilateral eligible knees, themost symptomatic
side was deemed the study limb. This study was approved by the
Human Research Ethics Committee, University of Melbourne,
Victoria, Australia. All participants provided written informed
consent.
Measurement of kinematics and kinetics
Participants underwent three-dimensional gait analysis in
a single session whilst walking unaided, followed by trials using
a cane (with three pre-determined levels of BWS). A Vicon motion
analysis system captured gait kinematics using eight M2 CMOS
cameras recording at 120 Hz (Vicon, Oxford, UK), and was inte-
grated with three Advanced Mechanical Technology, Inc. (AMTI,
Watertown, MA, USA) force plates in the laboratory ﬂoor to collect
ground reaction force data at 1080 Hz. Standard Plug-In-Gait lower
body marker set was used containing 20 retro-reﬂective markers
adhered to anatomical landmarks31. Medial knee and ankle
markers were included during an initial static standing trial to
determine positioning of knee and ankle joint centers. Three cane
markers located distally (posterior shaft 65 mm from distal tip),
proximally (posteriorly on a rod 125 mm located 210 mm distal to
handle), and mid-shaft (anteriorly, 515 mm distal to handle) were
used to capture the cane’s position during cane walking trials.
Initially, participants walked unaided at a self-selected speed in
their own comfortable shoes along the 8 m laboratory walkway for
ﬁve successful force plate contact trials. For all subsequent gait
conditions using the cane, speed was matched to participants’
unaided gait trials (5% of mean speed) using photoelectric timing
gates 4 m apart.
The Vicon Plug-In-Gait model (v2) in Vicon Nexus software was
used to calculate the external KAM about an orthogonal axis system
located at the shank segment. Knee load was measured by the
following KAM variables: early and late stance peaks; and impulse.
These were normalized to body weight (BW) times height (Bw*Ht
%). The cane position, orientation, length, and projected distal end
point positionwere calculated using a custom-written BodyBuilder
model (Vicon, Oxford, UK). The distance between the cane’s distal
end and affected limb’s ankle joint center in the anterior and lateral
directions during mid-stance were calculated. Other variables
evaluated because of their potential to inﬂuence knee load were
speed, step width, and stride length6.
Walking with a cane
A physiotherapist (MS) trained participants to walk with the
cane in the contralateral hand to the study knee. Three BWS
conditions were implemented, with participants instructed to
attempt to reach a peak of: 10%BWS; 15%BWS; and 20%BWS
through the cane, with the order randomized for each participant
using a Latin square matrix. Magnitudes were selected based on
pilot study results, where minimal and maximal magnitudes at
which participants felt they could appropriately use the cane for
support were determined (10%BWS and 20%BWS respectively).
A standard grip handle aluminum cane was instrumented with
an embedded lightweight uni-axial load cell (UMM, Dacell, Korea)
toward the distal end of the cane shaft. The load cell was linked to an
ampliﬁer, power supply and digital display by a lightweight cable. It
measured force applied longitudinally through the cane, which was
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kinematic and force plate data. The cane force (Newtons) was
normalized to body weight (Newtons); thus percentage body
weight support (%BWS) was obtained. Two measures of support
placed through the canewereobtained, the peak caneBWSand cane
BWS impulse (area under the BWS-time curve).
Cane height was adjusted to reach the distal wrist crease in
accordance with recommendations32. A two-point gait patternwas
instructed, encouraging participants to place the cane on the
ground simultaneously, or just preceding, heel strike of the
symptomatic limb. Participants were instructed to commence
placing weight through the cane immediately following ground
contact. Cane placement was encouraged to be in line with the
stance limb and at a lateral distance roughly equal to shoulder
width. Several motor learning principles were implemented during
training to aid skill acquisition, including standardized instructions,
demonstration, feedback via verbal and tactile means and visual
feedback using a full-length mirror33,34.
Once cane usewasmastered, participantswere trained to achieve
the desired BWS through the cane using a real-time visual biofeed-
back system. Real-time cane forcewas displayed via a Powerlab 16sp
system and Chart software (ADInstruments, Sydney, Australia), as
a vertically scrolling force trace against time on a large rear-
projection screen at the end of the walkway (Fig. 1). This biofeed-
back method has demonstrated efﬁciency and feasibility35,36.
Participants were instructed to place enough support through the
cane to reach a green target band representing the desired level for
each BWS condition.
Repeated training and practice occurred until participants
mastered the technique with the desired BWSmagnitude (typicallyFig. 1. The real-timecane forcebiofeedback systemused for trainingandwalkingwith the
instrumented cane. Participants walked towards the projection screen which displayed
the actual force (level of BWS) applied through the cane in real-time (purple trace) aswell
as the desired target to be achieved. The target area was represented by a green band
(corresponding to the desired amount of BWS2%). Participantswere instructed to reach
the green target area with the purple trace as soon as possible after initial contact.10e20 min). Subsequently, data collection commenced for that
condition. Data capture required ﬁve good trials per condition;
ensuring cane placement did not occur on force plates and thus
interfere with the limb’s contact. In cases where target BWS could
not readily be achieved, additional verbal feedback was provided
and participants were prompted to continue attempting the target
until they needed to rest. Due to difﬁculty of obtaining precise BWS
magnitudes, trials were not excluded based on the peak BWS
achieved, and the closest ﬁve trials to the target condition were
included in analyses.
Descriptive measures
Self-reported pain and physical function were evaluated using
the Western Ontario McMaster Universities OA Index (WOMAC)37.
The WOMAC pain subscale ranges from 0 to 20, and physical
function subscale ranges from 0 to 68 (higher scores indicating
worse pain and poorer function respectively). Standardized semi-
ﬂexed antero-posterior knee radiographs were evaluated by
a single reviewer (MS) to determine disease severity using the
Kellgren and Lawrence (K&L) grading scale38, and knee mechanical
alignment (converted from anatomical alignment using a published
regression equation)30,39.
Effect of cane use on symptoms
An 11-point NRS was used to evaluate pain and discomfort
experienced during each walking condition at the knee and spine
(0e10, with zero representing no pain/discomfort and 10 repre-
senting worst pain/discomfort imaginable).
Statistical analysis
Analyses were performed using GenStat (13th edition, VSN
International, UK) with an alpha level set at 0.05. All data were
checked for normality and homogeneity of variance prior to anal-
yses. Descriptive information was obtained via means, standard
deviation (SD) and frequencies where appropriate. Repeated
measures analysis of variance was used to determine if differences
existed between conditions among independent variables (BWS
magnitudes), and to evaluate changes in spatiotemporal gait vari-
ables (speed, stride length and width) and symptoms (alpha level
0.05). Where results were signiﬁcant, evaluation of least signiﬁcant
differences between conditionswas performed to locate the change.
To evaluate the effect of BWS through the cane on medial knee
load, restrictedmaximum likelihood (REML) linearmixedmodeling
was conducted40,with participants considered as the randomfactor.
This analysis required data input from each of the ﬁve trials per
condition (rather than mean values). Outcome variables were the
KAM early and late stance peaks, and impulse. The primary inde-
pendent variables were measures of BWS placed through the cane
(1) the overall peak BWS magnitude (chosen because it reﬂects
maximal BWS through the cane) and (2) cane BWS impulse (chosen
because it provides a measure of average BWS and its overall
duration). To determine if cane use technique inﬂuenced the
load-modifying ability, the following variables were included in
subsequent models as ﬁxed factors: peak BWS timing, anterior
(anterioreposterior direction) and lateral cane distances from the
ankle. All ﬁxed factors were initially examined for interactions with
the independent variables. If signiﬁcance was not reached (alpha
level 0.05)with either interaction or addition of variables, theywere
deemed insigniﬁcant to the outcome and were excluded from the
ﬁnal model. The main effects of all signiﬁcant variables were eval-
uated as part of the model. Interpretation of interaction terms was
conducted with the use of simple slope tests. Additionally,
Table I
Participant characteristics (n¼ 23)
Mean (SD)
Age (years) 66.8 (10.0)
Height (m) 1.70 (0.09)
Mass (kg) 79.6 (15.0)
BMI (kg/m2) 27.5 (3.8)
Mechanical knee alignment () 177.4 (4.2)
Symptom duration (years) 7.8 (9.1)
Nature of symptoms, number (%)
Unilateral 9 (39%)
Bilateral 14 (61%)
Gender, number (%)
Male 12 (52%)
Female 11 (48%)
WOMAC OA Index
Pain (score range 0e20) 6 (3)
Physical function (score range 0e68) 22 (11)
Radiographic OA severity, number (%)
Grade 2 (mild) 9 (39%)
Grade 3 (moderate) 8 (35%)
Grade 4 (severe) 6 (26%)
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alignment and WOMAC pain were assessed to determine if they
inﬂuenced efﬁcacy.
Results
Twenty-three people (11 (48%) females, 12 (52%) males)
participated. Three additional participants who were initially
eligible were excluded as they were unable to perform the
appropriate gait pattern during training. Participant characteris-
tics are shown in Table I. On average, participants were over-
weight, had varus malalignment and reported mild to
moderately severe knee symptoms with a spread of radiographic
OA severity.
Discrete gait values across conditions are reported in Table II.
On average, participants accomplished the required peak BWS
magnitude through the cane, but reached the peak just after
mid-stance for all conditions (59.7e63.3% stance). Therefore,Table II
Descriptive data relating to contralateral cane use, reported as mean [95% conﬁdence in
Unaided A
Gait characteristics
Speed (m/s) 1.24 (1.16, 1.32) 1
Stride length (m) 1.35 (1.29, 1.41) 1
Stride width (m) 0.096 (0.086, 0.106) 0.
Knee load
Early stance peak KAM (Nm/Bw*Ht%) 3.95 (3.58, 4.32) 3
Timing, early stance peak KAM (%stance) 26.96 (25.31, 28.61) 26
Late stance peak KAM (Nm/Bw*Ht%) 2.41 (2.12, 2.70) 2
Timing, late stance peak KAM (%stance) 75.83 (73.73, 77.93) 78
KAM impulse (Nm.s/Bw*Ht%) 1.37 (1.19, 1.55) 1
Cane use characteristics
Peak BWS (%BW) N/A 9
Timing of peak BWS (%stance) N/A 59
BWS at early stance peak KAM (%BW) N/A 3
BWS at late stance peak KAM (%BW) N/A 5
BWS impulse (%BW.s) N/A 2
Anterior cane position* (mm) N/A 21
Lateral cane position* (mm) N/A 31
Pain (0, 10)
Affected knee 2.0 (1.2, 2.8)
Spine 0.4 (0.0, 0.8)
Note: Statistical tests performed only for variables of interest.
* Data in relation to the contralateral (study limb) ankle joint centre.BWS values were substantially lower at timing of both the early
stance KAM peak (3.29e6.84%BWS) and late stance KAM peak
(5.40e10.36%BWS) than the overall peak BWS reached
(9.90e20.08%BWS). Stride length increased with cane use trials
(P< 0.001) and differences between all conditions were signif-
icant, whilst speed and stride width remained unchanged.
A doseeresponse effect of BWS through the cane on KAM
outcomes was evident, as can be seen in the ensemble averages for
the KAM and BWS for each condition provided in Fig. 2. Linearmixed
models examining the sole effect of BWS through the cane showed
signiﬁcant reductions in all KAM outcomes (Table III). Results
demonstrate that early stance peak KAM reductions are best ach-
ieved with greater cane BWS impulse (P< 0.001), rather than a large
peak BWS (P¼ 0.002). Greater cane BWS peak (P < 0.001) and
smaller cane BWS impulse (P¼ 0.003) led to greater reductions in
the late stance peak KAM. Reductions in the KAM impulse were
achieved with greater values in both BWS variables (P < 0.001).
Variables contributing to the efﬁcacy of load-reduction varied
across outcome measures, as shown in Table IV. The ﬁnal model
for the early stance peak KAM demonstrates effective reductions
with larger cane BWS impulse (P < 0.001) and longer lateral cane
distance (P¼ 0.005). Interaction between timing of peak BWS and
cane BWS impulse indicates that an earlier peak BWS increases
the load-reducing effect of cane BWS impulse on the early stance
KAM (P < 0.001). The late stance peak KAM was effectively
reduced with larger peak cane BWS (P < 0.001), smaller cane BWS
impulse (P < 0.001), later peak BWS timing (P¼ 0.011) and longer
lateral cane-to-ankle distance (P < 0.001). Interactions demon-
strate that participants with higher pain scores have an ampliﬁed
cane BWS impulse effect on reducing the late stance peak
(P¼ 0.022) and that a longer lateral cane distance ampliﬁes the
peak BWS effect (P¼ 0.011). Reductions in the KAM impulse were
improved with larger cane BWS impulse (P < 0.001), larger peak
cane BWS (P < 0.001) and longer lateral cane distance (P¼ 0.004).
Interactions demonstrate that shorter lateral cane distances
reduce the effect of cane BWS impulse on the KAM impulse
(P < 0.001), shorter anterior cane distances amplify the effect of
the peak cane BWS (P < 0.001) and varus aligned participants
have greater effects of peak cane BWS in reducing the KAM
impulse (P ¼ 0.013).terval (CI)]
ttempted 10%BWS Attempted 15%BWS Attempted 20%BWS
.22 (1.14, 1.30) 1.24 (1.16, 1.32) 1.24 (1.16, 1.32)
.43 (1.37, 1.48) 1.45 (1.39, 1.50) 1.46 (1.40, 1.51)
097 (0.087, 0.107) 0.100 (0.090, 0.110) 0.102 (0.092, 0.112)
.71 (3.34, 4.08) 3.49 (3.12, 3.86) 3.29 (2.92, 3.66)
.16 (24.55, 27.77) 25.73 (24.12, 27.34) 25.18 (23.55, 26.81)
.00 (1.73, 2.27) 1.71 (1.42, 2.00) 1.30 (1.01, 1.59)
.04 (76.06, 80.02) 80.16 (78.18, 82.14) 81.74 (79.70, 83.78)
.27 (1.09, 1.45) 1.10 (0.92, 1.28) 0.93 (0.75, 1.11)
.90 (9.59, 10.21) 14.75 (14.42, 15.08) 20.08 (19.73, 20.43)
.65 (54.46, 64.84) 61.33 (56.12, 66.54) 63.34 (58.09, 68.59)
.29 (2.37, 4.21) 5.57 (4.65, 6.49) 6.84 (5.90, 7.78)
.40 (4.09, 6.71) 8.32 (6.99, 9.65) 10.36 (9.01, 11.71)
.58 (2.22, 2.93) 3.67 (3.32, 4.02) 4.63 (4.28, 4.98)
1.2 (184.9, 237.5) 208.8 (182.3, 235.3) 202.7 (175.8, 229.6)
7.2 (301.3, 333.1) 313.7 (297.8, 329.6) 327.5 (311.2, 343.8)
1.7 (0.9, 2.5) 1.7 (0.9, 2.5) 1.7 (0.9, 2.5)
0.5 (0.1, 0.9) 0.4 (0.0, 0.8) 0.5 (0.1, 0.9)
Fig. 2. Ensemble averages for (a) external KAM and (b) BWS through the cane during the stance phase for each of the four conditions: unaided walking, small (10%) magnitude of
BWS, moderate (15%) BWS, and large (20%) BWS.
Table III
Effect of the BWS placed through the cane on medial knee loading parameters
Linear mixed model Estimate 95% CI Probability
Early stance peak KAM
Intercept 3.60 (3.22, 3.98)
Cane BWS impulse 2.38 101 (2.89 101, 1.87 101) <0.001
Peak cane BWS 2.01 102 (6.86 103, 3.33 102) 0.002
Late stance peak KAM
Intercept 1.83 (1.55, 2.11)
Cane BWS impulse 6.98 102 (2.28 102, 1.17 101) 0.003
Peak cane BWS 7.20 102 (8.43 102, 5.97 102) <0.001
KAM Impulse
Intercept 1.16 (0.98, 1.34)
Cane BWS impulse 5.67 102 (7.81 102, 3.53 102) <0.001
Peak cane BWS 1.02 102 (1.58 102, 4.60 103) <0.001
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cane use on KAM variables, can be written using the following
equations:
Let:
a¼ Cane BWS impulse.
b¼ Peak cane BWS.
c¼ Timing of peak BWS.
d¼Anterior cane distance.
e¼ Lateral cane distance.
f¼Mechanical knee alignment.
g¼WOMAC pain.
Early stance KAM¼ 3.54 0.22aþ 0.0013c 0.002eþ 0.0038ac.
Late stance KAM¼ 1.68þ 0.082a 0.08b 0.0064c 0.0035e
 0.00024be 0.015ag.
KAM impulse¼ 1.180.057a 0.014b 0.000035d 0.0008e
 0.00047aeþ 0.000078bdþ 0.00076bf.Discussion
This study demonstrates that contralateral cane use reduces
knee load during walking, as measured by the KAM, throughout the
Table IV
Final linear mixed models for the effects of cane use on medial knee loading
parameters, with consideration of cane use technique characteristics as well as knee
pain and malalignment
Linear mixed model Estimate 95% CI Probability
Early stance peak KAM
Intercept 3.54 (3.17, 3.91)
Interactions
Cane BWS impulse*
Timing of peak BWS
3.80 103 (1.54 103,
6.06 103)
<0.001
Main effects
Cane BWS impulse 2.20 101 (2.59 101,
1.81 101)
<0.001
Lateral cane position 2.03 103 (3.47 103,
5.90 104)
0.005
Timing of peak BWS 1.29 103 (3.49 103,
6.07 103)
0.60
Late stance peak KAM
Intercept 1.68 (1.43, 1.93)
Interactions
Cane BWS impulse*
WOMAC pain
1.49 102 (2.79 102,
1.92 103)
0.022
Peak cane BWS*
Lateral cane position
2.37 104 (4.23 104,
5.08 105)
0.011
Main effects
Cane BWS impulse 8.22 102 (2.14 102,
1.43 101)
<0.001
Peak cane BWS 7.99 102 (9.63 102,
6.34 102)
<0.001
Timing of peak BWS 6.36 103 (1.13 102,
1.40 103)
0.011
Lateral cane position 3.53 103 (4.86 103,
2.20 103)
<0.001
KAM Impulse
Intercept 1.18 (1.00, 1.36)
Interactions
Cane BWS impulse*
Lateral cane position
4.66 104 (6.31 104,
3.01 104)
<0.001
Peak cane BWS*
Anterior cane position
7.77 105 (4.69 105,
1.09 104)
<0.001
Peak cane BWS*
Mechanical alignment
7.57 104 (1.47 104,
1.37 103)
0.013
Main effects
Cane BWS impulse 5.71 102 (8.14 102,
3.29 102)
<0.001
Peak cane BWS 1.35 102 (1.92 102,
7.78 103)
<0.001
Lateral cane position 7.96 104 (1.23 103,
3.64 104)
0.004
Anterior cane position 3.48 105 (3.24 104,
2.55 104)
0.17
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Magnitude of BWS through the cane has a doseeresponse rela-
tionship, with greater BWS through the cane (in the range
measured) resulting in greater reductions in the KAM. Other cane
use technique factors found to inﬂuence load-reduction included
the peak BWS timing and cane positioning relative to the affected
limb. Pain and malalignment inﬂuenced the load-modifying ability
of the cane for some KAM variables.
Contralateral cane use at all levels of BWS signiﬁcantly reduced
the KAM in our study, which is consistent with earlier research21,22.
The present study extends the current body of knowledge and is the
ﬁrst to manipulate and measure the level of BWS through the cane
in order to assess the effects on knee load. On average, our partic-
ipants reduced the early stance peak KAM by between 6.1% and
16.7%, comparable to the 10.1% and 7.3% reductions obtained in
previous research21,22. The average reduction of 7.3% in Chan et al.
did not reach statistical signiﬁcance, perhaps due to inadequate
magnitudes of BWS through the cane (not measured)22. In this
study, a direct doseeresponse effect was observed for each KAM
parameter. Results suggest that the early stance KAM is reducedeffectively by maintaining a larger overall cane BWS across stance.
Late stance KAM reductions were optimal with greater peak BWS
magnitudes rather than overall BWS impulse, perhaps due to
similarity in timing of peak BWS and late stance peak KAM. Optimal
KAM impulse reductions occurred with both greater cane BWS
peak and impulse measures.
Cane use technique, other than BWSmagnitude, also inﬂuenced
load-reduction. For all KAM measures, placing the cane at a longer
lateral distance reduced load. Biomechanically, the cane’s lateral
positioning is likely to create an external knee abduction moment,
achieving a greater effect with a larger lever arm (greater lateral
cane displacement in the frontal plane). With respect to the KAM
early stance peak, reaching peak cane BWS earlier increased load-
reductions. Late stance peak KAM reductions were enhanced by
achieving peak cane BWS later during stance (corresponding to late
stance peak KAM timing), where more painful individuals had
greater load-reducing ability. With respect to the KAM impulse, the
cane’s load-reducing effect was greater in participants with more
varus alignment, along with a shorter anterior and longer lateral
cane distance from the affected limb’s ankle joint.
The observed knee load-reductions may be the result of altered
ground reaction force direction; however this analysis was not
conducted and thus cannot be conﬁrmed by the present study. The
doseeresponse relationship identiﬁed between knee load and BWS
magnitude is likely due to the partial ofﬂoading of torsoweight that
would normally be transferred through the stance (contralateral)
limb. It is also possible that increased lateral trunk lean may be
exhibited by participants while they placed BWS through the cane,
which has potential to reduce the KAM35. Evaluation of trunk lean
was outside the scope of this study; however any trunk lean
increase would likely be anticipated toward the non-study (swing)
limb and thus unlikely to cause the load-reduction observed.
For optimal knee load-reduction, BWS through the cane should
occur simultaneously with peaks in knee loading. Given the clinical
signiﬁcance of excessive early stance peak KAM5,16, patients may be
encouraged to achieve earlier peak support through the cane to
coincide with this knee load peak. Patients should also be urged to
maintain large levels of BWS through the cane across the stance
phase of gait to optimize load-reducing effects. There is increasing
evidence that KAM impulse is of important clinical relevance16. If
KAM impulse reduction is desired, advice to maintain a large BWS
through the cane during stance and achieve a large peak BWS
should be provided. Finally, patients should generally be instructed
to position the canemore laterally to the stance limb’s ankle joint to
optimize knee load-reductions. It should also be recognized that
cane use increased stride length in all conditions. Larger strides
with a constant speedwill consequently imply a smaller cadence, in
turn reducing the cumulative loading at the lower limb over a given
gait distance17.
Our real-time biofeedback system36 enabled participants accu-
rate and timely feedback to successfully achieve the desired BWS
through the cane. Until real-time biofeedback systems or instru-
mented canes become readily available in clinical environments,
health professionals may train patients to apply appropriate BWS
magnitudes through the cane using simple static feedback
methods, such as bathroom-style scales. Literature evaluating such
approaches has largely focused on feedback regarding weight
placed through the lower limb, not feedback of support through
a gait aid41. Investigation of the best feedback method should be
conducted in the future to help develop cane use clinical
guidelines42.
Previous research suggests that a reduction of 1 unit Nm/Bw*Ht
% may translate into a six-fold reduced risk of radiographic disease
progression5. When our participants placed 20% of their weight
through the cane, a mean reduction of 0.57 Nm/Bw*Ht% in the early
M. Simic et al. / Osteoarthritis and Cartilage 19 (2011) 1330e13371336stance KAM was achieved. This appears to be equally or more
effective than other conservative load-reducing strategies such as
lateral wedged orthoses and knee braces31,43,44. Although postu-
lated to lower risk of structural disease progression, it should be
noted that no conservative load-reducing treatment has yet proven
successful at slowing disease progression45,46. Longitudinal evalu-
ations of prolonged cane use are required to evaluate effects on
joint structure and disease symptoms.
Despite load-modifying beneﬁt, the willingness of individuals to
use a cane in daily life must be considered. Environmental factors
which may inﬂuence the decision to use a gait aid include acces-
sibility, ﬁnancial limitations, social circumstances and attitudes of
other people47. In a Netherlands study of knee/hip OA patients,
although 44% of the sample possessed a walking aid, 32% of them
did not use it23. Non-use of the gait aid was related to reduced pain
severity, reduced disability and a negative view of the gait aid
(reporting use as unpleasant and difﬁcult to handle). Similarly,
Canadian patients with hip OA stated vanity as the main reason for
non-compliance (13.8%)48. A common perception is that canes are
for frail elderly people and their use implies aging. Further research
is needed to explore strategies that may enhance cane use in knee
OA people.
There are several key strengths of this study. Firstly, the strict
testing protocol ensured consistent performance and assessment of
the gait modiﬁcation across participants. Secondly, the novel
custom-developed instrumented cane enabled us to measure and
evaluate effects of varying BWS magnitudes. Thirdly, our real-time
biofeedback system allowed the execution of speciﬁc BWS magni-
tudes to assess the doseeresponse relationship. Lastly, the linear
mixed model statistical approach40,49 considered the random
variability by participants and allowed inclusion of all data points
and variables. As no grouping was required, data were analyzed in
the true form collected. The main limitation of this study is its
evaluation of only immediate biomechanical and symptomatic
effects.
Contralateral cane use is a simple inexpensive treatment
strategy that reducesmedial knee load, asmeasured by the external
KAM. Accordingly, prolonged cane use has potential to slowmedial
knee OA disease progression. A doseeresponse effect between the
cane BWS magnitude and all measures of load was demonstrated,
where earlier peak BWS and longer lateral cane displacement are
favorable. Participants with greater pain severity and varus mala-
lignment experienced some greater load-reductions with cane use.
As method of contralateral cane use inﬂuences medial knee load-
reduction, prescription guidelines should be reviewed with
emerging evidence regarding efﬁcacy.Author contributions
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